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Drosophila Cup Is an eIF4E Binding Protein
that Associates with Bruno
and Regulates oskar mRNA Translation in Oogenesis
factor (eIF)4F complex to the mRNA. This complex con-
tains the cap binding protein eIF4E and the scaffold-
like protein eIF4G. The cap-bound eIF4F directs the 43S
complex to the 5 end of the mRNA through the interac-
tion of eIF4G with eIF3, a multisubunit component of
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the 43S complex. Thus, the eIF4E-eIF4G interaction is2 PRESTO
crucial for cap-dependent translation initiation. TheJapan Science and Technology Agency (JST)
eIF4E binding proteins (4E-BPs) are well-characterized4-1-8 Honcho
proteins that regulate translation initiation by blockingKawaguchi, Saitama 332-0012
the eIF4E-eIF4G interaction in a reversible, growth sig-Japan
nal-dependent manner (Gingras et al., 1999). 4E-BPs
contain the conserved eIF4E binding sequence defined
by YxxxxLφ (where x is any residue andφ is a hydropho-Summary
bic residue), and compete with eIF4G to bind to the
same region of eIF4E (Gingras et al., 1999; MarcotrigianoTranslational control is a critical process in the spatio-
et al., 1999). 4E-BPs, however, do not discriminatetemporal restriction of protein production. In Drosoph-
among mRNAs but regulate global translation efficiencyila oogenesis, translational repression of oskar (osk)
in response to external signals.RNA during its localization to the posterior pole of the
Transcript-specific translational repression usually re-oocyte is essential for embryonic patterning and germ
quires cis-acting sequences within the RNA, and one orcell formation. This repression is mediated by the osk
more translational repressors that bind the sequences3 UTR binding protein Bruno (Bru), but the underlying
(Gray and Wickens, 1998; Macdonald, 2001; Mendezmechanism has remained elusive. Here, we report that
and Richter, 2001). These sequences are often found inan ovarian protein, Cup, is required to repress preco-
the untranslated regions (UTRs) of the RNA. For in-cious osk translation. Cup binds the 5-cap binding
stance, binding of the iron response element (IRE) bind-translation initiation factor eIF4E through a sequence
ing protein to the IRE in the 5 UTR of ferritin mRNAconserved among eIF4E binding proteins. A mutant
prevents the interaction of the 43S complex with eIF4FCup protein lacking this sequence fails to repress osk
by a steric hindrance mechanism (Muckenthaler et al.,translation in vivo. Furthermore, Cup interacts with
1998). More commonly, translational repressors bind toBru in a yeast two-hybrid assay, and the Cup-eIF4E
the 3 UTR and somehow repress translation (Macdon-complex associates with Bru in an RNA-independent
ald, 2001; Kuersten and Goodwin, 2003; Mazumder etmanner. These results suggest that translational re-
al., 2003). While some repressors shorten the poly(A) tail,pression of osk RNA is achieved through a 5/3 inter-
thereby lowering the efficiency of translational initiationaction mediated by an eIF4E-Cup-Bru complex.
(Gingras et al., 1999), many 3 UTR binding repressors
can act in a poly(A)-independent fashion (Lie and Mac-Introduction
donald, 1999; Chagnovich and Lehmann, 2001; Ostar-
eck et al., 2001; Castagnetti and Ephrussi, 2003). ForIntracellular RNA localization is a conserved posttran-
poly(A)-independent repression, 3 UTR binding pro-scriptional mechanism to achieve spatially restricted
teins must ultimately exert their function on the transla-protein production within the cell. This mode of protein
tion apparatus. However, only a few examples of this
sorting is essential for various biological processes, in-
have been verified experimentally. Translational repres-
cluding asymmetric cell division, cellular motility, em-
sion of caudal (cad) RNA in the Drosophila embryo is
bryonic axis determination, and germ cell formation mediated by Bicoid (Bcd), which binds a specific se-
(Johnstone and Lasko, 2001; Palacios and St Johnston, quence in the 3 UTR of cad RNA (Dubnau and Struhl,
2001; Kloc et al., 2002). However, RNA localization itself 1996; Rivera-Pomar et al., 1996). Bcd also binds eIF4E,
is not enough to achieve the precise restriction of pro- thus preventing the eIF4E-eIF4G interaction through a
teins to a specific region within the cell, and it must be 4E-BP-like mechanism (Niessing et al., 2002). Similarly,
coupled with translational control to prevent premature in the Xenopus oocyte, Maskin represses cyclin-B1
and ectopic protein production before or during localiza- translation by sequestering eIF4E (Stebbins-Boaz et al.,
tion (Johnstone and Lasko, 2001; Palacios and St John- 1999). However, Maskin does not bind cyclin-B1 RNA
ston, 2001). directly. Instead, the target specificity of repression is
In many circumstances, translation initiation is the provided by the interaction of Maskin with the cyto-
rate-limiting step, and it is often the target of regulation plasmic polyadenylation element (CPE) binding protein,
(Gray and Wickens, 1998; Gingras et al., 1999). Transla- CPEB, a factor that binds CPE in the 3 UTR of cyclin-
tion initiation begins with the binding of the 43S preinitia- B1 RNA (Hake and Richter, 1994).
tion complex to the mRNA. In the cap-dependent mode The translational control of localized RNAs is also
of translation initiation, the m7GpppN cap structure at striking in the oogenesis and embryogenesis of diverse
the 5 end of the mRNA attracts the eukaryotic initiation organisms (Johnstone and Lasko, 2001; Palacios and
St Johnston, 2001; Kloc et al., 2002). In Drosophila, the
localization of oskar (osk) RNA at the posterior pole*Correspondence: akiran@cdb.riken.jp
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of the oocyte leads to the assembly of a specialized provide evidence that Cup-mediated translational re-
cytoplasm, the pole plasm (Ephrussi et al., 1991; Kim- pression is achieved by preventing the assembly of the
Ha et al., 1991). Pole plasm contains factors required for eIF4F complex at the 5 end of osk RNA, and that Cup
embryonic posterior patterning and germ cell formation. acts together with Bru to repress osk translation.
The Drosophila oocyte develops in an egg chamber con-
sisting of 15 nurse cells and an oocyte; all are intercon- Results
nected through cytoplasmic bridges (Spradling, 1993).
From a very early stage of oogenesis, osk RNA is tran- The Me31B Complex Is Highly Enriched in eIF4E
scribed in the nurse cells and transported to the oocyte, and Cup
where it accumulates. From late stage 8, osk RNA be- To identify new proteins in the Me31B complex, ovarian
comes localized to the posterior pole of the oocyte extracts from wild-type females were immunoprecipi-
(Ephrussi et al., 1991; Kim-Ha et al., 1991). Translation tated on a preparative scale using an affinity-purified
of osk RNA, however, is tightly repressed during translo- anti-Me31B antibody (-Me31B). -Me31B specifically
cation, and only when osk RNA is posteriorly localized coprecipitated many proteins from the extracts (Figures
is it translationally derepressed (Kim-Ha et al., 1995; 1A and 1B). Mass spectrometric analyses of these pro-
Markussen et al., 1995; Rongo et al., 1995). Premature teins revealed that both Exu and Yps, the known compo-
or ectopic translation of osk RNA causes severe devel- nents in the Me31B complex (Nakamura et al., 2001),
opmental defects, indicating the essential role of the were present in the immunoprecipitates (Figure 1A). The
translational repression of osk RNA during its localiza- analyses also revealed that the 35 kDa protein was eIF4E
tion (Ephrussi and Lehmann, 1992; Smith et al., 1992; and the 150 kDa protein was Cup, a germline-specific
Kim-Ha et al., 1995). protein required for oogenesis (Figures 1A and 1B). Cup
The translational repression of osk RNA during its is expressed from early oogenesis and present until
localization is mediated in part by the RNA binding pro- the blastoderm stage of embryogenesis (Keyes and
tein Bruno (Bru), which binds specific repeated se- Spradling, 1997; Verrotti and Wharton, 2000). Numerous
quences in the 3 UTR of osk RNA, called the Bruno cup alleles have been isolated as female sterile mutants,
response elements (BREs) (Kim-Ha et al., 1995). When which show a wide range of phenotypes (Schu¨pbach
BRE-mutated osk RNA is expressed during oogenesis, and Wieschaus, 1991; Keyes and Spradling, 1997). How-
Osk protein is produced prematurely in the oocyte. The ever, the biochemical function of Cup has remained
premature expression of Osk leads to a maternal-effect elusive.
embryonic patterning defect. Thus, BRE-dependent To examine the association among Me31B, eIF4E, and
translational repression of osk RNA prior to its posterior Cup in vivo, ovaries expressing a GFP-Me31B fusion
localization is essential for proper development. Direct protein were stained for eIF4E and Cup. As reported,
evidence for a role of Bru in the repression of osk transla- the GFP-Me31B formed cytoplasmic particles in the
tion has come from the results of an in vitro translation germline (Figures 1C and 1F), and the distribution pat-
system using Drosophila embryonic extract (Lie and terns of the fusion protein were indistinguishable from
Macdonald, 1999; Castagnetti et al., 2000). Although those of endogenous Me31B (Nakamura et al., 2001).
embryonic extract lacking Bru efficiently translates
-eIF4E stained cytoplasmic particles that were positive
BRE-containing RNA, the addition of recombinant Bru for GFP-Me31B (Figures 1C–1E). This colocalization was
to the extract recapitulates BRE-mediated translational observed throughout oogenesis (data not shown). We
repression. However, the precise mechanism of the Bru- also found that Cup colocalized with GFP-Me31B
mediated translational repression remains elusive.
throughout oogenesis (Figures 1F–1H, data not shown).
During localization, osk RNA forms cytoplasmic gran-
Thus, eIF4E, Cup, and Me31B all form a complex dur-
ules in both nurse cells and the oocyte (Glotzer and
ing oogenesis.Ephrussi, 1999; Nakamura et al., 2001). The granules
contain several proteins, including the DEAD-box pro-
Cup Binds eIF4E through the Conserved eIF4Etein Maternal expression at 31B (Me31B), the Y-box pro-
Binding Sequencetein Ypsion schachtel (Yps), and Exuperantia (Exu) (Wil-
To better understand the interactions between Me31B,helm et al., 2000; Nakamura et al., 2001). Genetic
eIF4E, and Cup, ovarian extracts were immunoprecipi-evidence has shown that Exu is involved in the proper
tated by -Me31B and -eIF4E, and the precipitateslocalization of bcd and osk RNAs in oogenesis, although
were analyzed by Western blotting (Figure 2A). -Me31Bthe molecular function of Exu remains unknown (St
coprecipitated eIF4E and Cup (lane 3), and -eIF4E co-Johnston et al., 1989; Wilhelm et al., 2000). Both Yps
precipitated Me31B and Cup (lane 7), indicating thatand Me31B are involved, directly or indirectly, in the
they all form a complex. However, in the presence oftranslational silencing of osk RNA in oogenesis. Yps
RNase during immunoprecipitation, -Me31B failed toantagonizes Orb, a positive regulator of osk RNA local-
coprecipitate eIF4E or Cup (lane 4). Thus, the Me31B-ization and translation (Mansfield et al., 2002; Martin et
eIF4E and the Me31B-Cup interactions are indirect andal., 2003). In egg chambers lacking me31B, osk RNA is
probably mediated through RNA in the complex. In con-prematurely translated in early oogenesis (Nakamura
trast, -eIF4E coprecipitated Cup even in the presenceet al., 2001). These data indicate that the granules are
of RNases (lane 8), suggesting a direct interaction be-maternal ribonucleoprotein (RNP) complexes containing
tween eIF4E and Cup in vivo.proteins required for both RNA localization and transla-
We next examined the interaction of Cup and eIF4Etional control. Here, we report that the complex is highly
in vitro using a GST pull-down assay. Figure 2B demon-enriched in eIF4E and a germline protein, Cup. We found
that Cup is required to repress osk translation. We also strates that GST-eIF4E pulled down Cup synthesized in
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has been shown by X-ray crystallography to be directly
involved in eIF4E binding (Marcotrigiano et al., 1999).
To find out if Cup binds eIF4E through this sequence,
we analyzed the interactions of GST-eIF4E with mutant
Cup proteins, in which the conserved residues were
replaced with Ala. Figure 2E shows that mutations in
the conserved residues resulted in a severe reduction
of the eIF4E-Cup interaction. From these results, we
conclude that Cup binds eIF4E directly through the con-
served eIF4E binding site.
It has been reported that Trp-73 of mammalian eIF4E
contacts Leu and φ residues in the conserved eIF4E
binding sequence, and that the eIF4E-W73A mutant can-
not bind its interacting partners that contain the con-
served binding sequence (Marcotrigiano et al., 1999;
Pyronnet et al., 1999). We thus mutated Trp-117 of Dro-
sophila eIF4E (equivalent to Trp-73 in mammalian eIF4E)
into Ala (W117A) and examined its interaction with Cup.
GST-eIF4E-W117A failed to pull down Cup (Figure 2F,
lane 7), suggesting that Cup binds eIF4E in the same
manner as other eIF4E binding proteins, including
eIF4G.
Premature Translation of osk RNA in cup
Mutant Ovaries
The finding that Cup can bind eIF4E implied to us that
Cup may be involved in the translational control of ma-
ternal RNAs. We first examined the distribution of the
Osk protein in cup mutants, because we have found
that the Cup-associated protein Me31B is involved in
the repression of osk translation in early oogenesis (Na-
kamura et al., 2001). Although the translation of osk RNA
was repressed until stage 8 of oogenesis in wild-type
ovaries (Figure 3A) (Kim-Ha et al., 1995; Markussen et
al., 1995; Rongo et al., 1995), it was prematurely trans-
lated in stage 4–7 egg chambers of several cup mutants,
including cup21 and cup32 (arrowheads in Figures 3B and
3C). We also observed premature Osk expression in
Figure 1. Cup and eIF4E Are Components of the Me31B Complex cup1/cup1355 ovaries (data not shown). These results
(A) Coimmunoprecipitation of proteins in wild-type ovarian extracts show that Cup is required for the repression of osk
using -Me31B crosslinked to protein G beads. Proteins eluted from translation during early oogenesis. However, since the
the beads were resolved by 11% SDS-PAGE and visualized by Coo- egg chambers of these cup mutants start to degenerate
massie staining.
at mid-oogenesis, we were unable to analyze the effects(B) Coimmunoprecipitation using -Me31B coupled to Protein G
in later oogenesis. Furthermore, the molecular nature ofbeads. Proteins were resolved by 8.5% SDS-PAGE. Since the anti-
all EMS-induced cup alleles remains uncharacterizedbody had not been crosslinked, IgG polypeptides were present in
the gel. (Keyes and Spradling, 1997).
(C–D) A stage 7 egg chamber expressing the GFP-Me31B fusion To isolate a molecularly definitive cup mutation, we
protein (green) was stained for eIF4E (red). generated a series of derivative lines by mobilizing the
(F–G) A stage 7 egg chamber expressing the GFP-Me31B fusion
P element in cup4506 (Figure 3D). Imprecise excision ofprotein (green) was stained for Cup (red).
the P element caused a small deletion within the cup
locus. This line, cup212, produced a truncated Cup, in
which the amino-terminal third of the protein was de-vitro (lane 4), but control beads did not (lanes 2 and 3).
The association was unaffected by RNase (lane 5). These leted and the conserved eIF4E binding sequence was
disrupted (Figures 3E and 3F). Immunoprecipitation-results indicate that Cup associates with eIF4E in vitro
and that the interaction is RNA independent. Western analyses revealed that Cup212 protein failed to
interact with eIF4E in vivo (Figure 3G). Females homozy-Cup consists of 1132 amino acids and contains clus-
ters of glutamine residues in the 300 amino acids proxi- gous for the cup212 mutation produced eggs, although
the eggs were fragile and could not be analyzed further.mal to the carboxyl terminal, which we refer to as the
“Q-rich region” (Figure 2C). A BLAST search revealed Thus, the cup212 allele was sufficiently weak to investi-
gate, in detail, the role of Cup in later oogenesis.no clear homolog in other species. However, careful
inspection of the Cup sequence showed that it has a Immunostaining cup212 ovaries for Osk revealed that
osk was prematurely translated starting at early oogen-short sequence that matches the consensus eIF4E bind-
ing motif, YxxxxLφ (Figures 2C and 2D). This sequence esis, as in the EMS-induced cup mutants (Figures 3K–
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Figure 2. Cup and eIF4E Interact Directly
(A) Immunoprecipitation (IP)-Western analy-
ses of proteins from wild-type ovarian ex-
tracts. Both -Me31B and -eIF4E coprecipi-
tated Cup from ovarian extracts (lanes 3 and
7). While Me31B-eIF4E and Me31B-Cup inter-
actions were diminished by treating the ex-
tracts with RNases (lane 4), the eIF4E-Cup
interaction was RNase resistant (lane 8).
(B) GST-eIF4E pulled down Cup synthesized
in vitro (lane 4), and the interaction was RNase
resistant (lane 5).
(C) Schematic drawing of the Cup protein.
(D) Alignment of the putative eIF4E binding
region of Cup with the same region of several
eIF4E binding proteins.
(E) Pull-down assay using GST-eIF4E was
performed on in-vitro-synthesized Cup va-
riants with mutations in the conserved
YxxxxLφ sequence. Mutations of the con-
served residues resulted in severe reduction
of the interaction with eIF4E in vitro.
(F) Lanes 1–3 show 5 g of purified bait pro-
teins separated by 12.5% SDS-PAGE, and
visualized by Coomassie-staining. Right
panel shows a pull-down assay demonstra-
ting that the W117A mutant of GST-eIF4E
failed to interact with Cup (lane 7).
3M). The protein was concentrated in the posterior of signals were concentrated in the oocyte in early egg
chambers (Figure 4A), transiently accumulated in thethe oocyte in stage 4–6 egg chambers (Figure 3K). In
anterior side of the oocyte during stage 7–8 (Figure 4B),the stage 8 egg chamber, Osk protein was ectopically
and localized to the posterior pole of the oocyte fromconcentrated at the anterior of the oocyte (Figure 3L).
stage 8 onward (Figures 4C and 4D). In cup212 egg cham-The signal was frequently highest at the anterior-dorsal
bers, osk RNA signals showed larger particles in thecorner of the oocyte. As oogenesis proceeded, Osk be-
cytoplasm (Figures 4E–4H), suggesting that the assem-came concentrated at the posterior pole of the oocyte
bly of osk RNA particles was also affected in the cup212(Figure 3M). However, large Osk particles remained in
egg chambers. However, in spite of the abnormally largethe cytoplasm of the oocyte (arrowheads). This type of
osk RNA particles in the cup212 egg chambers, osk RNAsignal was never observed in wild-type egg chambers
was concentrated in the oocyte in early egg chambers(Figure 3J). These results show that osk translation is
(Figure 4E), and at the posterior pole of the oocyte fromnot repressed in the cup212 oocyte.
stage 8 onward (arrowhead in Figure 4G). At stage 10,
osk RNA was accumulated at the posterior pole of the
osk RNA Localizes to the Posterior Pole cup212 oocyte, although some signal remained in the
in cup212 Oocytes cytoplasm (Figure 4H).
We next examined the osk RNA distribution by fluores-
cence in situ hybridization. As reported, osk RNA formed Microtubule Organization and Grk Distribution Are
cytoplasmic particles, which were especially obvious in Normal in cup212 Ovaries
early oogenesis (Figure 4A) (Glotzer and Ephrussi, 1999; The localization of osk RNA to the posterior pole of the
oocyte is a microtubule-dependent process (Clark et al.,Nakamura et al., 2001). In wild-type ovaries, osk RNA
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1994; Pokrywka and Stephenson, 1995). To examine the
microtubule organization in cup212 ovaries, we intro-
duced a transgene encoding a kinesin--galactosidase
fusion protein (Kin-lacZ) into the cup212 background.
Kin-lacZ is a marker for the microtubule plus end, which
normally accumulates at the posterior pole of the stage
9–10 oocytes (Figure 5A) (Clark et al., 1994). Figure 5B
shows that the fusion protein accumulated at the poste-
rior pole in the cup212 oocyte. Similarly, bcd RNA, which
accumulates at the anterior of the oocyte in a microtu-
bule-dependent manner (Figure 5C) (Palacios and St
Johnston, 2001), was localized to the anterior cortex in
the cup212 oocyte (Figure 5D). From these results, we
conclude that microtubule polarity is normal in cup212
ovaries.
To test if the cup212 mutation affected the translation
and localization of other maternal RNAs, mutant ovaries
were stained for gurken (grk) RNA and Grk protein. In
wild-type egg chambers, grk RNA and Grk are localized
to the posterior of the oocyte at stage 6, and later to
the anterior-dorsal corner over the oocyte nucleus (Fig-
ures 5E and 5G). We found no defect in grk RNA and
Grk distribution in cup212 ovaries (Figures 5F and 5H).
We also examined the distribution of the Bicaudal-D
(BicD) protein, whose expression is affected by the ab-
sence of Me31B (Nakamura et al., 2001), and found no
defect in its distribution in cup212 ovaries (data not
shown). Thus, the defects observed in cup212 ovaries
were most striking in their effects on osk translational
regulation.
Cup Interacts with Bruno, a Translational
Repressor of osk RNA
To better understand how Cup-mediated repression of
osk translation is achieved, we sought Cup-interacting
proteins using a yeast two-hybrid screen with full-length
Cup as the bait. Sequence analysis of positive clones
identified the translational repressor of osk RNA, Bru,
as a potential interacting partner of Cup. To determine
which portion of Cup interacts with Bru, we made several
deletion derivatives of the Cup bait construct and ana-
lyzed their interaction with Bru in yeast cells. The
C-terminal Q-rich region (residues 821–1132) of Cup wasFigure 3. Premature osk Translation in cup Mutant Ovaries
sufficient for the Bru interaction (Figure 6A). This region
(A–C) Stage 4–7 egg chambers from wild-type (A), cup21 (B), and
contained at least two domains that could interact withcup32 (C) flies were stained for Osk (green) and F-actin to visualize
Bru as two nonoverlapping fragments, 821–920 andcell boundaries (red). Although osk translation was tightly repressed
921–1132, interacted with Bru with similar affinity. Wein stages 4–6 of oogenesis in wild-type ovaries (A), the Osk protein
was prematurely expressed in stage 6 egg chambers of EMS- next determined the Cup-interacting region of Bru, and
induced cup mutants. Bar, 40 m. found that residues 320–520 were sufficient to interact
(D) Imprecise mobilization of the P element in cup4506 caused a 1466 with Cup (Figure 6C). Finally, Cup821–1132 and Bru320–
bp deletion (shown in gray). This fly line (cup212) was predicted to
520 were sufficient to interact with each other (data notproduce a truncated Cup protein with a disrupted eIF4E binding
shown). Notably, the Bru-interacting domain of Cup didsequence (E).
not contain the conserved eIF4E binding motif, and the(F) Western analysis of ovarian extracts probed for Cup showed
that the truncated Cup protein was indeed expressed in the cup212 RNA binding domains of Bru were dispensable for the
mutant ovaries. interaction with Cup. These results suggest that Cup
(G) IP-Western analyses of RNase-treated ovarian extracts from specifically interacts with Bru under physiological condi-
cup212/CyO (lanes 1–5) and cup212/cup212 (lanes 6–10) females. tions, and that the interaction requires neither eIF4E
Cup212 protein was not coprecipitated by -eIF4E (lanes 4 and 8).
nor RNA.Similarly, eIF4E was not coprecipitated by -Cup from the cup212/
cup212 extract (lane 7). Note that wild-type Cup protein in the cup212/
CyO extract was coprecipitated by -eIF4E (lane 4).
5 and 6 egg chambers (K) and was ectopically concentrated at theWild-type (H–J) and cup212 (K–M) ovaries stained for Osk (green) and
F-actin (red). Osk protein was expressed at the posterior pole of the anterior of the stage 8 oocyte (L). In the stage 9 oocyte, Osk accumu-
lated at high levels at the posterior pole (M). However, Osk particlesoocyte from stage 8 onward (I) and continued to be concentrated there
(J). In cup212 mutant ovaries, Osk was prematurely expressed in stage were also detected in the cytoplasm (arrowheads). Bar, 40 m.
Developmental Cell
74
Figure 4. osk RNA Can Localize to the Posterior Pole of the Oocytes in cup212 Ovaries
(A–H) Fluorescence in situ hybridization for osk RNA in wild-type (A–D) and cup212 (E–H) ovaries. osk RNA was distributed in larger granules
in the cytoplasm of cup212 ovaries (E–H). Nevertheless, the signal was concentrated in the oocyte in the early stages (E), localized to the
posterior pole of the oocyte from late stage 8 onward (arrowhead in [G]), and accumulated at the posterior pole of the stage 10 oocyte (H).
Bar, 40 m.
To examine if Cup associates with Bru in vivo, ovarian during oogenesis. We also show that the conserved
YxxxxLφ motif in Cup is important for eIF4E bindingextracts were immunoprecipitated with -Cup, -eIF4E,
and -Me31B, and the precipitates were analyzed by (Figure 2E) and that Cup and eIF4G are likely to bind
the same surface of eIF4E (Figure 2F) (Marcotrigiano etWestern blotting. As shown in Figure 6E, Bru was copre-
cipitated by -Cup, -eIF4E, and -Me31B, but not by al., 1999). These results suggest that Cup competes with
eIF4G for eIF4E binding, and hence inhibits translationa control IgG, indicating that Bru is a component of
the complex (lanes 1–5). Furthermore, although RNase initiation. Cup212 protein, which lacks the conserved
eIF4E binding sequence, was unable to bind eIF4E intreatment of the extracts disrupted the interaction of
Me31B with Bru (lane 10), it did not interfere with the vivo, and failed to repress osk translation (Figure 3).
These results strongly suggest that the Cup-eIF4E inter-coimmunoprecipitation of Bru by -Cup and -eIF4E
(lanes 8 and 9). These results indicate that Bru associ- action is essential for the Cup-mediated repression of
osk translation, although it is possible that other of Cup’sates with the Cup-eIF4E complex in vivo, and that the
interactions between these three proteins are RNA inde- functions are also affected in the cup212 mutant. Further-
more, we found that Cup interacts with Bru in a yeastpendent.
two-hybrid assay and that the Cup-eIF4E complex asso-
ciates with Bru in an RNA-independent manner (FigureDiscussion
6). Based on these results, we speculate that the Bru-
mediated repression of osk translation is operated, atMechanism of Cup-Mediated Translational
Repression least in part, through the interaction with Cup, which
binds eIF4E and prevents the eIF4E-eIF4G interactionOur results show that Cup is an eIF4E binding protein
that is involved in translational repression of osk RNA at the 5 end of osk RNA.
Figure 5. Microtubule Polarity and Grk Distri-
bution Are Normal in cup212 Ovaries
(A and B) The Kin-lacZ protein was concen-
trated at the posterior pole of the stage 9
oocyte in the cup212 mutant (B) as well as in
wild-type (A).
In both wild-type (C) and cup212 (D) ovaries,
bcd RNA was localized to the anterior in stage
10 oocytes.
The anterior-dorsal localizations of grk RNA
(E and F) and Grk protein (G and H) were also
normal in cup212 mutant ovaries at stage 9 (F
and H) as in wild-type (E and G). Bar, 40 m.
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Figure 6. Cup Associates with Bru in Yeast
Cells and In Vivo
(A) Summary of the deletion analysis to iden-
tify the Bru-interacting region in Cup. The in-
teraction of various Cup baits with full-length
Bru was assayed by streaking yeast cells
onto selective plates containing X-gal.
(B) Western blot of yeast extract prepared
from transformants each expressing one of
the indicated Cup-bait fusion proteins,
probed with -LexA. The blot was reprobed
with an antibody against -nuclear pore com-
plex (NPC) proteins as a loading control (bot-
tom panel).
(C) Summary of the deletion analysis of Bru
to find the minimum Cup-interacting region.
(D) Western blot of yeast extract from trans-
formants that each expressed a Bru-prey fu-
sion protein. The blot was probed with -HA,
which recognizes the epitope present in the
fusion protein. The blot was reprobed with an
antibody against -NPC proteins as a loading
control (bottom panel).
(E) Proteins in extracts from wild-type ovaries
were immunoprecipitated by -Cup, -eIF4E,
and -Me31B, and bound proteins were de-
tected by Western analysis. All the antibodies
except the control IgG coprecipitated Bru
from RNase-untreated extracts (lanes 2–5).
Although -Me31B failed to coprecipitate Bru
from RNase-treated extracts (lane 10), eIF4E
and Cup still associated with Bru despite the
RNase treatment (lanes 8 and 9), indicating
that the eIF4E-Cup-Bru interactions are
RNA independent.
The model of osk translational repression by the the eIF4E binding motif but may be otherwise unrelated
to Cup and Maskin.eIF4E-Cup-Bru interactions is similar to that of the
Maskin-mediated repression of cyclin-B1 translation in It has been reported that Bru-mediated translational
repression might be independent of cap recognition,the Xenopus oocyte (Stebbins-Boaz et al., 1999; Cao
and Richter, 2002). In both models, Cup and Maskin play because in a cell-free translation system, Bru-mediated
translational repression is effective, even in the pres-two crucial roles for achieving translational repression of
a specific RNA. First, they themselves repress transla- ence of excess free cap analog (Lie and Macdonald,
1999). Our results strongly suggest that one major mech-tion by preventing the eIF4F assembly at the 5 end of
the RNA, and second, they act as adaptors to ensure anism of Bru-mediated repression of osk translation is
to inhibit the cap-dependent process. Bru may represstarget specificity by associating with specific 3 UTR
binding proteins. the translation of BRE-containing RNA by two discrete
mechanisms: one directly interfering with the cap-We expect that translational corepressors that have
the Cup/Maskin-like function are present in somatic dependent process and the other directing a cap-inde-
pendent process. A similar situation has been describedcells as well, because 3 UTR-mediated translational
control is a common strategy in a wide range of cell for Nanos/Pumilio-mediated repression of hunchback
(hb) translation (Wreden et al., 1997; Chagnovich andtypes (Macdonald, 2001; Kuersten and Goodwin, 2003;
Mazumder et al., 2003). 3 UTR-mediated translational Lehmann, 2001). In this case, Nanos/Pumilio appears to
repress hb translation by two mechanisms: underlyingrepression is essential for the asymmetric cell division
of neuronal cells (Okabe et al., 2001) and probably for poly(A) tail removal and by a second poly(A)-indepen-
dent mechanism. It seems likely that many translationalactivity-regulated protein synthesis in dendrites govern-
ing synaptic plasticity (Wells et al., 2000; Mendez and repressors repress translation at multiple steps in order
to exert their function properly. Supporting this idea,Richter, 2001). Importantly, the primary sequences of
Cup and Maskin are not conserved, except for the eIF4E osk RNA has multiple BREs in its 3 UTR (Kim-Ha et
al., 1995).binding motif. Thus, such corepressors are likely to have
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Several lines of evidence suggest that Bru also regu- eIF4E. Cup also interacts genetically with ovarian tumor
(otu) and fs(2)B (Keyes and Spradling, 1997). Otu func-lates grk translation in oogenesis (Webster et al., 1997;
Norvell et al., 1999; Filardo and Ephrussi, 2003). How- tions, together with Cup, to organize nurse cell chromo-
some structure. Since nurse cell chromosomes haveever, we did not observe any defects in grk RNA localiza-
tion or Grk accumulation at the anterior-dorsal corner normal morphology in cup212 ovaries (data not shown),
Cup’s cooperative function with Otu is, again, likely toof the cup212 oocyte (Figures 6E–6H). Thus, the Bru-
Cup-eIF4E interactions are dispensable for the regula- be independent of its interaction with eIF4E.
Finally, Cup and eIF4E associate with Me31B, formingtion of grk translation, which may be controlled by re-
dundant mechanisms. a multiprotein-RNA complex that contains many mater-
nal RNAs (Wilhelm et al., 2000; Nakamura et al., 2001).
Me31B is also required to repress osk translation inMechanism of Derepression
oogenesis (Nakamura et al., 2001). Considering thatAlthough the eIF4E-Cup-Bru interactions shed light on
Me31B belongs to the DEAD-box RNA helicase family,the mechanism of the translational repression of osk
whose members modulate RNA-RNA and protein-RNARNA, it remains unanswered how osk translation is dere-
interactions (Tanner and Linder, 2001), Me31B may or-pressed at the posterior pole of the oocyte. Neverthe-
ganize the assembly of the RNP complex. In this sce-less, our findings suggest several potential targets for
nario, loss of Me31B causes the Cup-eIF4E complex totranslational derepression. Studies of 4E-BPs and
fail to associate properly with osk RNA and results inMaskin suggest that derepression may target the Cup-
the premature expression of the Osk protein in early oo-eIF4E interaction. In the case of 4E-BPs, extracellular
genesis.growth signals lead to the hyperphosphorylation of 4E-
Alternatively, Me31B may act independent of the Cup-BPs. Phosphorylation of a critical set of residues in 4E-
eIF4E-mediated process. Although Cup is essential forBPs abolishes the interaction with eIF4E, such that
the repression of osk translation, it is possible that theglobal translation becomes efficient (Gingras et al.,
Cup-mediated process is not the only repression mech-1999; 2001). The Cup-eIF4E interaction may be regu-
anism in oogenesis. Additional factors involved in osklated similarly, although potential target residues that
RNA translation and localization should also be enrichedcorrespond with 4E-BP phosphorylation sites cannot be
in the complex, because the complex contains the oskidentified in Cup by a simple sequence comparison.
RNA (Wilhelm et al., 2000; Nakamura et al., 2001). Identi-A second possibility is that Cup may out-compete
fication and characterization of the additional compo-eIF4G for eIF4E binding. In the Xenopus oocyte, proges-
nents of this complex and analysis of the interactionsterone-induced oocyte maturation promotes the cyto-
among them will provide further insight into the mecha-plasmic polyadenylation of cyclin-B1 RNA. The newly
nism underlying localization-coupled translational con-elongated poly(A) tail recruits the poly(A) binding protein
trol of the osk RNA.(PABP) to the RNA. PABP in turn binds eIF4G to stabilize
the eIF4G-eIF4E interaction, dissociating the Maskin-
Experimental ProcedureseIF4E interaction (Stebbins-Boaz et al., 1999; Cao and
Richter, 2002). Since Bru-mediated translational repres-
Fly Stocks and Regents
sion is effective even for a long poly(A)-tailed RNA (Cas- The wild-type fly strain used was y w. The Kin-lacZ line is described
tagnetti and Ephrussi, 2003), derepression by cyto- by Clark et al. (1994), the GFP-Me31B line by Nakamura et al. (2001),
the EMS-induced alleles cup1, cup21, and cup32 by Schu¨pbach andplasmic polyadenylation would not be the case for the
Wieschaus (1991), and the P-element-induced alleles cup1355 andeIF4E-Cup-Bru complex. However, it is still possible that
cup4506 by Keyes and Spradling (1997). The following antibodies wereas yet unknown factor(s) interact with eIF4G and pro-
used for immunohistochemistry, immunoprecipitation, and Westernmote the dissociation of the eIF4E-Cup interaction. It is
analyses: mouse -GFP 3E6 (Wako Pure Chemicals, Osaka, Japan),
also possible that the eIF4E-Cup-Bru interactions are mouse -Grk 1D12 (Queenan et al., 1999), mouse -NPC proteins
regulated by a novel mechanism. 414 (Babco), rabbit --galactosidase (Cappel), rabbit -LexA (In-
vitrogen), rabbit -Osk (Markussen et al., 1995), rabbit -Me31BDerepression of osk translation requires a specific cis-
(Nakamura et al., 2001), rat -Bru (Webster et al., 1997), rat -HAelement on the 5 side of the RNA (Gunkel et al., 1998).
3F10 (Roche), and rat -Me31B (A.N., unpublished data). For West-This element is required to overcome BRE-dependent
ern analysis, HRP-labeled -rabbit, -mouse, and -rat IgGs, andtranslational repression and functions only at the poste-
the ECL system (Amersham) were used.
rior pole of the oocyte. Thus, p68, an unidentified ovarian
protein that binds the element (Gunkel et al., 1998), is Identification of Proteins in the Me31B Complex
a good candidate for interfering with the eIF4E-Cup-Bru Immunoprecipitation of ovarian extracts with -Me31B was carried
out as described (Nakamura et al., 2001) with slight modifications.interactions to promote osk translation.
We used two methods to isolate Me31B-associated proteins on a
preparative scale. For the first, 50 g of -Me31B was crosslinkedAdditional Functions of Cup
to Protein G sepharose (Sigma) with dimethyl pimelimidate (DMP)
Females with strong cup mutations have defects in early to avoid contamination of IgG polypeptides in the precipitate (Figure
oogenesis, but cup212 females, in which a truncated Cup 1A). Bound proteins were eluted from the beads with 0.2 M glycine-
HCl (pH 2.5). The second method was to couple 20 g of -Me31Bthat fails to bind eIF4E is expressed, do not. Thus, Cup
to protein G beads without DMP (Figure 1B). Bound proteins werehas additional functions that are independent of the
separated by SDS-PAGE and visualized by Coomassie staining.eIF4E interaction. Cup interacts with Nanos in a yeast
Tandem mass spectrometry analyses of the tryptic peptides weretwo-hybrid assay (Verrotti and Wharton, 2000). Since
carried out by APRO Science (Tokushima, Japan) or Hitachi Science
this interaction appears to be required in early oogenesis Systems (Ibaraki, Japan). The resulting tryptic peptide mass data
(Verrotti and Wharton, 2000), the Cup-Nanos-mediated were matched against the NCBInr database using the Mascot or
Sequest program.process may be independent of the interaction with
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